A double-clad fiber coupler is developed to be used in two-photon-excited fluorescence endomicroscopy to replace a dichroic mirror and separate the fluorescence signal from the excitation laser beam. With the doubleclad fiber coupler, the endomicroscope becomes more compact, easier to be aligned, and more stable in alignment. The double-clad fiber coupler can transmit 62% of the excitation laser beam through the core. The fluorescence collection efficiency of the double-clad fiber coupler is 34%, which is, to the best of our knowledge, the highest fluorescence collection efficiency achieved by couplers used in two-photon-excited fluorescence endomicroscopes. As a result, the contrast of endomicroscopy imaging is enhanced.
Two-photon-excited fluorescence (TPF) endomicroscopy using a flexible thin optical fiber and a miniaturized probe can image an area in a very tight space with high resolution, where a bulky microscope cannot reach [1] [2] [3] [4] [5] . The endomicroscope uses near-IR ultrashort optical pulses for imaging, which allows three-dimensional imaging further in the sample as compared with regular confocal imaging [6, 7] . Therefore it provides a useful tool for in vivo imaging and real-time monitoring of targets with minimal invasion [8, 9] .
It is essential that a TPF endomicroscope is compact and easily maintains alignment for immediate use and stable during imaging. In TPF imaging, reflected light from the excitation laser needs to be separated from the fluorescence [10, 11] . Normally a dichroic mirror is used for this separation. However, such a system consumes time for alignment and environmental conditions easily affect its performance. It needs an extra green light laser for the alignment of the endoscope using a dichroic mirror. Any vibration at transportation or operation of an endomicroscope can change the position of a dichroic mirror and degrade the system alignment. Therefore an endomicroscope has to be compact for clinical use. Singlemode couplers and double-clad photonic crystal fiber (DCPCF) couplers have been investigated in endomicroscopy systems for easy alignment [12] [13] [14] [15] [16] . However, the fluorescence collection efficiency of a singlemode fiber is low, and the endomicroscope suffers from a low signal to noise ratio. A DCPCF increases the fluorescence signal collection efficiency. However, the confinement of light in the core and the inner cladding depend on the hole structure of the DCPCF. Among all the excitation light transmitting in the DCPCF, only 30% can be successfully transmitted in the core [11] , and 70% of the excitation light is lost at the inner cladding and cannot be efficiently used for the excitation of fluorescence signal [11] . In addition, the DCPCF coupler can transmit only 2.8% of the total fluorescence signal owing to its low-cross coupling ratio of the inner cladding [16] , although it has a fluorescence collection efficiency as high as 98% within its NA.
In this Letter, a double-clad fiber coupler (DCF) is developed for separating the fluorescence signal from the excitation laser beam. The DCF coupler can confine 62% of the total transmitted excitation light into the core, which is twice as much as the DCPCF coupler [11] . The fluorescence signal collection efficiency of the DCF coupler is 34% and 12 times higher than that of the DCPCF coupler. For the same excited fluorescence signal from a sample, the DCF coupler enhances the signal-to-noise ratio and the contrast of imaging by 12 times compared with the DCPCF coupler. Figure 1 illustrates a DCF and the DCF coupler. A DCF (Fibercore, SMM900 3.6/ 105/ 125 m core/ inner/outer cladding) is used for fabrication of a DCF coupler. Previously DCF couplers were developed using conventional methods [17] , the fused biconical tapered (FBT) method [16, 18] or the side-polishing method [19] , and the simple contact method [20] . In this work the DCF coupler is fabricated with the FBT method. As an 800 nm excitation laser beam is coupled into port 3 of the DCF coupler, the center part of port 1 [ Fig. 1(b) ] has a high light intensity, while the surrounding part of port 1 has weak light. The elongated center spot shown in Fig. 1(b) is due to the saturation of the imaging camera. On the contrary, the center of port 4 [ Fig. 1(c) ] is dark, and the surround area is bright. Therefore the DCF coupler can transmit the excitation laser beam through the core from port 3 to port 1 with little loss of light to the arm at port 4, and the light leaking to port 4 is mainly from the inner cladding. 90% of the input excitation laser beam can be coupled into the DCF coupler. 85% of the light propagates to port 1, and 15% propagates to port 4 [ Fig. 1(d) ]. 62% of the light can be used for the generation of TPF signal [ Fig. 1(d) ]. This is ideal for delivering the laser beam in a compact nonlinear endomicroscope.
The fluorescence signal, which is in the visible spectral range, is collected from port 1 to port 2 by the DCF coupler. Figs. 1(e) and 1(f) illustrate the light patterns at port 2 and port 3 when a 532 nm cw green light beam is coupled to port 1. Port 2 has bright light around the inner cladding. 34% of the incident green light can be cross coupled to port 2 [ Fig.  1(g) ]. The DCF has a large visible light collection efficiency, which, to our knowledge, is the highest among all the couplers ever used in TPF endomicroscopes. The fluorescence collection efficiency can be further increased by increasing the fusion strength of the DCF coupler. However, a strongly fused DCF coupler also leads to the increase of the loss of the excitation laser beam transmitting through the core. Therefore the fusion strength is chosen by maximizing cross coupling at visible light before the loss of the excitation light at the core starts to increase. A compact endomicroscopic system is displayed in Fig. 2 . The excitation laser beam is from a Ti:sapphire laser that generates 80 MHz 100 fs optical pulses. The optical pulses are first prechirped by a pair of gratings. The negative frequency chirp that the optical pulses gain by propagating through the gratings is used to compensate for the normal chromatic dispersion, which they gain later transmitting through the DCF coupler and a DCF. The prechirped optical pulses are coupled into port 3 of the DCF coupler. Port 1 is connected to a 2 m DCF through a fiber connector (FC). At the end of the DCF, a miniaturized probe is attached to the DCF [2, 21, 22] . Inside the probe, a microscanner scans the DCF tip line by line for imaging [2, 21, 22] . The microscanner can also move the DCF and the objective lens forward and backward to achieve three-dimensional (3D) imaging with an axial scanning range of 250 m. A multiple element objective lens focuses excitation laser beam to samples and collects the TPF signal from the samples to the DCF. The object NA of the lens is same as the core NA of the DCF of 0.2, and the image NA is 0.35. Therefore the magnification of the lens is 1.75. The field of view for imaging is 475 m ϫ 475 m, and the useful fiber scanning range is 831 m ϫ 831 m. The fluorescence signal is separated from the excitation laser beam by the DCF coupler and detected by a photomultiplier tube after being filtered by a 3-mm-thick BG18 glass filter (Schott). With the DCF coupler in TPF endomicroscopy to replace a dichroic mirror, the endomicroscope requires minimal alignment and can be ready for imaging with minimal preparation time. Furthermore, the alignment is more stable during imaging. Figure 3 illustrates clear sectioning images of the microspheres at different depths with a full field of view of 475 m ϫ 475 m. The excitation power at the sample is 16 mW. For the bulky endomicroscope using a dichroic mirror [2] , the same brightness of imaging needs 9 mW of the excitation laser beam. A higher excitation laser power level is required for the compact endomicroscope. Figure 4(a) shows the image of a mouse kidney after injected fluorescein intravenously. The excitation power at the sample is 18 mW. The compact endomicroscope clearly displays the image of the biological sample. To understand the resolution of the endomicroscope, 1 m fluorescence microspheres are imaged [ Fig. 4(b) ], and the average fluorescence intensity profile of the microspheres is displayed in Fig. 4(c) . The FWHM of the average intensity profile is 1 m. Therefore, the lateral resolution of the TPF endomicroscope is better than 1 m. The axial resolution of the endomicroscope is measured by scanning a thin layer of polymer with 4 diethylaminobenzylidenemalononitrile (DABM) as a dye along the z direction [ Fig. 4(d) ]. The FWHM of the intensity profile is 14 m. Thus the axial resolution of the endomicroscope is better than 14 m. Compared with the endomicroscope using a dichroic mirror [2] , the DCF coupler has no obvious effect on the lateral and axial resolutions.
In conclusion, compact TPF endomicroscopy is developed using a DCF coupler to replace a bulky beam splitter. With the DCF coupler, the endomicroscope can be quickly aligned and is fast to be ready for imaging, which is important for the practical use of endomicroscopy. The DCF coupler has a large fluorescence collection efficiency of 34%, which helps to enhance the signal-to-noise ratio of endomicroscopy imaging. The lateral and axial resolution of the nonlinear endomicroscope is better than 1 m and 14 m, respectively. The development of compact TPF endomicroscopy is an important step for nonlinear endomicroscopy toward all fiber nonlinear endomicroscopy.
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